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SUMMARY 
A high subsonic Mach number turbine with high suction-surface dif- 
fusion w a s  invest igated experimentally. The subject turbine was designed 
f o r  a high weight flow per unit f r o n t a l  area, a high spec i f ic  work out- 
put, and a r e l a t i v e  c r i t i c a l  veloci ty  r a t i o  of 0.82 at  the  ro tor  hub 
i n l e t .  A t  the  equivalent design blade speed and work output, the brake 
in t e rna l  eff ic iency based on the ac tua l  over-all  total -pressure r a t i o  was 
0.871, which i s  only 0.004 l e s s  than the efficiency of a turbine w i t h  the 
same design charac te r i s t ics  bu t  with higher s o l i d i t y  and with low diffu-  
sion on the suction surface. 
The calculated value of the  r a t i o  of e f fec t ive  ro tor  blade momentum 
thickness t o  mean camber length of 0.014 i s  considerably greater  than the 
value previously obtained f o r  transonic turbines having the same average 
t o t a l  surface diffusion parameter. These r e s u l t s  indicate that  the e f -  
fec t ive  ro tor  blade momentum thickness depends not only on the average 
t o t a l  surface diffusion parameter but a lso on the e f f ec t  of changes i n  
hub-tip radius r a t i o ,  the d is t r ibu t ion  of the surface diffusion over tlie 
blade height and between the two surfaces of the blade, and the possible 
var ia t ion  i n  the ve loc i ty  d is t r ibu t ion  f o r  a given value of surface 
diffusion. 
INTRODUCTION 
I n  the aerodynamic design of turbine ro tor  blades f o r  a given appl i -  
cation, a compromise m u s t  be made i n  select ing the s o l i d i t y  of the blade 
row. A decrease i n  s o l i d i t y  has the  advantage of a reduction i n  the sum 
of blade and end-wall surface areas  where the boundary layer  i s  produced. 
However, as the  s o l i d i t y  of a blade row i s  decreased there  i s  an increase 
i n  blade loading with a resu l tan t  increase i n  momentum loss per u n i t  sur- 
face  a rea  ( r e f .  1). 
loading r e s u l t s  i n  increased values of the blade surface diffusion param- 
I eters. Thus, i n  order that a select ion of the value of s o l i d i t y  giving 
I 
For low-reaction blade rows an increase i n  blade 
I 
I 
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minimum over-all blade loss can be accurately made, it i s  necessary t o  
es tabl ish the  variatior,  of over-al l  blade loss  with both s o l i d i t y  and 
surf ace diffusion parameter. 
Th_e var ia t ion  of ro to r  blade boundary-layer momentum-thickness param- 
e te r  Btot/2 with diffusion parameter f o r  f i v e  t ransonic  turbine designs 
i s  presented i n  reference 2. These turbines  were designed f o r  high work 
output, having a r e l a t i v e  i n l e t  c r i t i c a l  ve loc i ty  r a t i o  of un i ty  a t  the 
hub of the  ro tor .  
The design and over-al l  performance of the f irst  of a s e r i e s  of high 
subsonic Mach number turbines  having high weight flow per u n i t  f r o n t a l  
area and high spec i f ic  work output are presented i n  reference 3. This 
turbine i s  here inaf te r  re fer red  t o  as configuration I. The subject  t u r -  
bine i s  the  second i n  this series and i s  referred t o  herein as configura- 
t ion 11. The ro tor  hub i n l e t  r e l a t i v e  c r i t i c a l  ve loc i ty  r a t i o  i s  0 .82  
f o r  both of these designs. 
The ro to r  of configuration I, having 58 blades, had r e l a t i v e l y  low 
diffusion on the blade surfaces.  It i s  desired t o  evaluate the  e f f e c t  
of using higher values of ro to r  blade surface d i f fus ion  i n  a turbine 
having the same design cha rac t e r i s t i c s  and ve loc i ty  diagrams. The pur- 
pose of t he  present inves t iga t ion  i s  t o  evaluate the  performance of con- 
f igurat ion 11, which has only 40 ro to r  blades and considerably higher 
values of ro to r  blade suction-surface diffusion.  The r e s u l t s  of t he  per- 
formance invest igat ion a t  equivalent design operating conditions a r e  
evaluated i n  terms of t he  raq io  of e f f ec t ive  ro to r  blade momentum thick- 
ness t o  m e a n  camber length and are compared with the  values for 
the  transonic turbine ro tors  presented i n  reference 2 and with t h e  value 








c r i t i c a l  ve loc i ty  of sound, f t / sec  
pressure-surface d i f fus ion  parameter, 
Blade i n l e t  r e l a t i v e  veloci ty-Min.  blade surface r e l a t i v e  ve loc i ty  
Blade i n l e t  r e l a t i v e  ve loc i ty  
suction-surface d i f fus ion  parameter, 
M a x .  blade surface r e l a t i v e  velocit .y-Eladc of i t le i  r e l a t i v e  ve loc i ty  
Max.  blade surf ace r e l a t i v e  veloci ty  
sum of suction- and pressure-surface d i f fus ion  parameters, Dp + Ds 
spec i f ic  work output, Btu/lb 
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I 2 length of mean camber l ine ,  f t  
~ P absolute pressure, lb/sq f t  
I 
I r radius, f t  
U blade velocity,  f t /sec 
3 
v absolute gas velocity,  f t / sec  
I W r e l a t i v e  gas velocity,  f t / sec  
W weight flow, lb/sec 
i r r a t i o  of spec i f ic  heats 
I YO blade-chord angle, angle between blade chord and axial direct ion,  
deg 
i 6 r a t i o  of i n l e t - a i r  t o t a l  pressure t o  NACA standard sea-level pres- 
sure, Pi/P* 
e function of 
7 brake in t e rna l  efficiency, defined as r a t i o  of turbine work based 
on torque, weight flow, and speed measurements t o  ideal work 
based on i n l e t  t o t a l  temperature and i n l e t  and ou t l e t  t o t a l  
pressures, both defined as sum of s t a t i c  pressure and pressure 
corresponding t o  gas veloci ty  
brake in t e rna l  ra t ing  efficiency, defined as r a t i o  of turbine work 
based on torque, weight flow, and speed measurements t o  idea l  
work based on inlet  t o t a l  temperature and i n l e t  and ou t l e t  axial 
t o t a l  pressures, both defined as  sum of s t a t i c  pressure and 




squared r a t i o  of c r i t i c a l  velocity a t  turbine i n l e t  t o  c r i t i c a l  
I @cr ve loc i ty  a t  NACA standard sea-level temperature, (aAr,l/a&) 
a l l  performance, f t  
- 
I €Itot e f fec t ive  ro tor  blademomentum thickness based on turbine over- 
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4f coeff ic ient  of aerodynamic loading 
Subscripts : 
m mean 
t t i p  
U tangent ia l  
X axial 
1 s t a t i o n  upstream of s t a t o r  
2 s t a t i o n  a t  t r a i l i n g  edge of s t a t o r  
3 s t a t i o n  a t  free-stream condition between s t a t o r  and r o t o r  
4 s t a t i o n  a t  t r a i l i n g  edge of ro to r  
5 s t a t i o n  downstream of ro tor  
Superscripts: 
* NACA standard condition 
1 stagnation s t a t e  
11 r e l a t i v e  stagnation s t a t e  
TlTRBINE DESIGN 
De sign Requirements 
The design requirements of the subject 14-inch cold-air  turbine are 
the same as those f o r  configuration I (ref.  3) and are as follows: 
Equivalent specif ic  work output, Ah' /Der, Btu/lb . . . . . . . . .  20.60 - 
& W  4hcr 
Equivalent weight flow, . lb/sec . . . . . . . . . . . . .  16.10 
Equivalent blade t i p  speed, U i / $ G ,  f t /sec . . . . . . . . . . . .  720 
Velocity Diagrams 
The s t a t o r  of the subject turbine i s  the  same as that of turbine 
configuration I. The design ve loc i ty  diagrams ( f i g .  1) a r e  a l s o  the 
.......... ....................... . . . e  . e  e 0 .  ...... . . . .  
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same at  s t a t i o n s  3 and 5. However, a t  s ta t ion  4 just upstream of t h e  
ro to r  blade t r a i l i n g  edge the  veloci ty  dia.grams a re  s l i g h t l y  d i f f e ren t  
from those of configuration I, because t h e  subject turbine r o t o r  has 
about 2 percent l e s s  trail ing-edge blockage than t h e  turbine r o t o r  of 
configuration I. 
r o t o r  design ve loc i ty  diagrams are 
The assrmrptions of reference 3 used i n  obtaining t h e  
(1) Free-vortex flow 
(2) Simplified r a d i a l  equilibrium 
(3) Design value of over-al l  adiabatic e f f ic iency  of 0.90 
(4) No change i n  the  tangent ia l  velocity component between s t a t ions  
4 and 5 
(5) No loss i n  t o t a l  pressure between s t a t ions  4 and 5 
Rotor Blade Design Procedure 
The design procedure i s  the  same as  tha t  used f o r  t h e  design of t h e  
ro to r  blades of configuration I as described i n  reference 3, with t h e  
following two exceptions : 
(1) The blade chord at t he  mean section was chosen a r b i t r a r i l y .  
The nmber of blades w a s  then determined by applying the c r i t e r i o n  of 
reference 4 (using a coef f ic ien t  of aerodynamic loading 
r a the r  than 0.80 as i n  r e f .  3) a t  t h e  blade mean section. 
@ of 1.0 
( 2 )  A maximum allowable value of t h e  suction-surface d i f fus ion  
parameter Ds w a s  set a t  0.31 as compared with the  design v a l u e  of 0.12 
f o r  the  r o t o r  of configuration I. 
Table I gives the  coordinates of t he  f i n a l  blade at  t h e  hub, mean, 
and t i p  sect ions.  
figure 2. 
A photograph of t h e  turbine ro to r  i s  presented i n  
Discussion of Rotor Blade Design 
The r o t o r  blade p r o f i l e s  forming the flow passages a t  t h e  hub, 
mean, and t i p  sect ions are shown i n  f igure 3. The axial chord increases 
from hub t o  t i p ,  being about 27 percent greater a t  t he  t i p  than a,t t h e  
hub. The r e s u l t i n g  s o l i d i t i e s  are 2.1, 1.8, and 1.8 at t h e  hub, mean, 
and t i p  sect ions,  respectively.  The turbine r o t o r  of configuration I 
has s o l i d i t i e s  at hub, mean, and t i p  sections of 2.8, 2.2, and 2.0, 
......................... 
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respectively.  
txr5ine ro to r  i s  about 18 percent less t h a t  t h a t  of t he  turbine ro to r  of 
configuration I. It may be noted i n  f igu re  3 t h a t  t h e  three-dimensional 
design procedure resu l ted  i n  a channel t h a t  is  divergent from i n l e t  t o  
ex i t  a t  t he  hub sect ion and convergent a t  t he  t i p  section. 
Thus, t he  s o l i d i t y  a t  t h e  mean sec t ion  of t h e  subject  
The design midchannel and surf ace ve loc i ty  d is t r ibu t ions  a t  t he  hub, 
mean, and t i p  sect ions of the  r o t o r  are p lo t t ed  i n  f igu re  4. The cor- 
responding values of the  surface d i f fus ion  parameters along with those 
f o r  t h e  ro to r  of configuration I are given i n  t a b l e  11. 
the values f o r  t h e  two turbines  shows approximately equal values on t h e  
pressure surface.  
diffusion parameter f o r  the  subject turbine are considerably greater  
than those f o r  t h e  r o t o r  of configuration I. The maximum difference i s  
at t h e  hub sect ion,  where the  subject  turbine has a value of 0.31 as 
compared with a value of zero f o r  t he  turbine r o t o r  of configuration I. 
Also, t h e  average value of t he  t o t a l  diffusion parameter f o r  the  subject 
turbine is  approximately twice t h a t  f o r  t he  turbine of configuration I. 
A comparison of 
On t h e  suction surface,  however, values of t he  surface 
APPARATUS, INSTRUMENTATION, AND TEST PROCEDURE 
The apparatus, instrumentation, t e s t  procedure, and method of ca l -  
culat ing the  performance parameters a re  the  same as those described i n  
reference 3. The over-al l  performance da ta  were taken a t  nominal values 
of total-pressure r a t i o  pi/p; 
2.3), while the  wheel speed w a s  varied from 60 t o  110 percent of equiva- 
l e n t  design speed i n  5-percent in te rva ls .  
pressure w a s  set at  50 inches of mercury (24.6 lb/sq in.  abs) ,  and the  
i n l e t  t o t a l  temperature w a s  about 80° F. 
from 1.3 t o  the  maximum obtainable (about 
The absolute i n l e t  t o t a l  
RESULTS AND DISCUSSION 
The performance map of t h e  subject  turbine based on the  ac tua l  over- 
a l l  total-pressure r a t i o  i s  presented i n  f igu re  5(a). The 
equivalent spec i f ic  work output bht/0,, i s  p lo t t ed  against  t he  weight 
flow - mean blade speed parameter 
r a t i o ,  percent equivalent design blade speed, and brake i n t e r n a l  e f f i -  
ciency as  parameters. The e f f ic iency  a t  t he  point  of equivalent design 
specif ic  work output and blade speed i s  0.871, which i s  onl-y 0=004 less 
than  the efficiency f o r  configuration I at  t h i s  point .  The maximum 
ef f ic iency  i s  0.876, and it occurs at a blade speed about 5 percent 
greater  than t h e  design value. 
a large por t ion  of t he  map. 
ewUd6, with t h e  ac tua l  total-pressure 
The ef f ic iency  is  greater  than 0.86 over  
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The performance map of the turbine based on the  a x i a l  over -a l l  t o t a l -  
pressure r a t i o  pi/ps i s  presented i n  figure 5(b). The e f f ic iency  a t  
t h e  point of equivalent design specif ic  work output and blade speed is  
0.870, indicat ing t h a t  t he  energy of the  exit-whirl veloci ty  component 
Vu,5 
,x 
is  negl igible  a t  t h i s  point. 
The var ia t ion of the  s t a t i c  pressure measured on the  annulus w a l l s  
downstream of the  s t a t o r  and ro to r  blades (stations 3 and 5) with the  
ac tua l  over-al l  total -pressure r a t i o  at equivalent design blade speed is 
presented i n  f igure  6(a). A t  s t a t ion  5, downstream of the  ro tor ,  t he  
average of hub and t i p  values of s t a t i c  pressure is presented because 
there  is l i t t l e  var ia t ion i n  s t a t i c  pressure over the blade height. 
var ia t ion of weight flow is shown i n  f igure 6(b) .  
configuration I, f igure  6(a) shows t h a t  there is a pressure rise across 
the  ro tor  hub from s ta t ions  3 t o  5 f o r  total-pressure r a t i o s  up t o  about 
2.16, where the  ro tor  blade limiting-loading condition is  approached. 
The ro to r  blades are choked at  a total-pressure r a t i o  of about 2.10. 
The 
As was the  case f o r  
The r a t i o  of e f fec t ive  ro to r  blade momentum thickness t o  mean camber 
length & t / 2  f o r  the subject turbine was calculated by the method of 
reference 2 and corrected f o r  Reynolds number by equation (5) of r e f e r -  
ence 1 using the  Reynolds nmiber f o r  the transonic turbines  ( ref .  2 )  as 
a reference value. The calculated value of 0.014 i s  compared with the  
values obtained f o r  configuration I (ref. 3) and the  s i x  transonic tur- 
bines ( ref .  2 )  i n  f igure  7. The - sLibject rotor blade has a considerably 
higher value of the parameter Qtot/2 than the  transonic turbine ro to r  
blades having the  same average t o t a l  surface diffusion parameter. A 
number of f ac to r s  may be c i t e d  t o  account fo r  t h i s  difference: 
(1) It i s  probable t h a t  an improved velocity d is t r ibu t ion  on t h e  
blade surfaces would reduce the over-all blade losses fo r  the  same value 
of t o t a l  surface diffusion parameter Dtot. 
and mean blade sections the  suction-surface diffusion parameters a re  
considerably higher than those on the  pressure surface. 
portion of t he  t o t a l  diffusion required t o  obtain the  blade loading were 
t o  occur near t he  leading edge on the  pressure surface of the  blade where 
the  boundary layer  is th in ,  the  over-al l  losses through the blade row 
would probably be reduced. Improvement might a l so  be obtained if the  
blade were more uniformly loaded along the chord length at  t h e  mean and 
t i p  sections.  
t r a i l i n g  edge is  ra ther  l i g h t l y  loaded. 
In  pa r t i cu la r ,  a t  the  hub 
If the  grea te r  
A t  these sections the  portion of the  blade near the  
- 
(2) The calculat ion of the parameter Qtot/2 i s  based on the  over- 
a l l  turbine eff ic iency and therefore includes the  e f f e c t s  of loss caused 
by secondary flow i n  the turbine ro tor .  It i s  possible t h a t  the adverse 
e f f ec t s  of secondary flow i n  the ro to r  blades may be more pronounced i n  
.................................  
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the subject turbine and configuration I than i n  t h e  transonic turbines .  
Because of t he  lower hub-tip radius  r a t i o  (0.60 as  compared with 0.70 
for the  transonic turb ines)  t he  var ia t ions i n  t h e  flow conditions over 
the blade height may be correspondingly greater. 
(3) There is  a greater  var ia t ion  i n  t h e  value of t he  t o t a l  diffusion 
parameter Rot over the  blade height ( table  11) than the re  i s  f o r  t h e  
transonic turbines.  This large var ia t ion  m a y  increase t h e  adverse e f f ec t s  
of secondary flow and, as a r e s u l t ,  increase the  over -a l l  losses  through 
the blade row. 
Otot/2 
parameter than of t he  average value over t he  blade height. 
The e f f ec t ive  r o t o r  blade momentum-thickness parameter - 
may, therefore ,  be more a function of the  maximum di f fus ion  
- 
(4) The method f o r  calculat ing t h e  parameter Btot/2 is  based on 
the assumption t h a t  t he  boundary layer developed on the  inner and outer 
annulus walls i s  s i m i l a r  t o  t h a t  on t h e  blade surface a t  t h e  mean section. 
I n  pa r t i cu la r ,  t h e  complex boundary-layer flow i n  the  t ip-clearance 
region depends on the  geometry of t he  blading a t  t h e  t i p  sect ion,  t he  
t i p  clearance, and the  blade t i p  speed. The higher t i p  speed f o r  t he  
subject turbine as wel l  as f o r  configuration I probably causes higher 
losses i n  the  t ip-clearance region. 
(5) The e f f ec t ive  ro to r  blade momentum-thickness parameter is  p lo t t ed  
as a function of t h e  design or t h e o r e t i c a l  value of t h e  t o t a l  d i f fus ion  
parameter i n  f igu re  7. The ac tua l  ve loc i t ies  on t h e  blade surface may 
have d i f fe red  s u f f i c i e n t l y  from t h e  design values t h a t  t he  ac tua l  d i f -  
fusion parameter on the ro tor  blade surface w a s  considerably d i f f e ren t  
f r o m  t h e  value plot ted.  
Although - t he  value of t he  e f f ec t ive  ro to r  blade momentum-thickness 
parameter B t o t / 2  f o r  t he  subject  turbine i s  approximately 30 percent 
greater  than t h a t  f o r  t he  ro to r  of configuration I, the  brake i n t e r n a l  
e f f ic iency  based on the  ac tua l  over -a l l  total -pressure r a t i o  at  the  design 
point w a s  only 0.004 less f o r  t he  subject turbine. This comparatively 
small change i n  the  brake i n t e r n a l  e f f ic iency  i n  s p i t e  - of t h e  increase 
i n  e f fec t ive  ro to r  blade momentum-thickness paramFter B t o t / Z  i s  a t t r i b -  
utable t o  the  reduction i n  the  blade surface area corresponding t o  the  
reduced so l id i ty .  
SUMMARY OF RESULTS 
Tl;e over -a l l  performance of a high subsonic Mach number turbine 
having high suction-surface diffusion has been presented. 
r e su l t s  were obtained: 
The following 
1. The brake i n t e r n a l  eff ic iency based on t h e  ac tua l  over-al l  t o t a l -  
pressure r a t i o  a t  t he  equivalent design blade speed and spec i f ic  work 
output w a s  0.871. This value i s  only 0.004 lower than t h a t  obtained 
from a turbine having the same design character is t ics  but with a higher 
value of s o l i d i t y  and with lower suction-surface diffusion. The eff i -  
ciency based on the  a x i a l  total-pressure r a t i o  a t  the  same point w a s  
0.870. 
2. A value of 0,014 w a s  calculated f o r  t he  r a t i o  of e f fec t ive  r o t o r  
blade momentum thickness t o  mean camber length. This value i s  consider- 
ably greater than t h a t  previously obtained f o r  transonic turbines  having 
t h e  same average t o t a l  surface diffusion parameter. This large difference 
may be due t o  a high value of the suction-surface diffusion as compared 
with t h a t  on t h e  pressure surface, a surface veloci ty  d is t r ibu t ion  t h a t  
i s  not t h e  optimum, a comparatively high variation i n  the  value of t he  
t o t a l  d i f fus ion  parameter over t h e  blade height, and the  adverse e f f e c t s  
of secondary flow. 
L e w i s  F l igh t  Propulsion Laboratory 
National Advisory Committee f o r  Aeronautics 
Cleveland, Ohio, Septeniber 19, 1956 
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TABU 11. - COMPARISON OF ROTOR BLADE SURFACE DlFFUSION 
Rotor blade surface 
diffusion parameter 
Suction Pressure Total ,  
surface, surface,  Rot 
DS 4 
PARAMETERS FOR SUBJECT TURBINE WITH THOSE 






0.00 0.27 0.27 
.06 .12 .18 
0 12 .06 .18 






7onf igurat  ion 
I1 
(subject)  
0.31 0.25 0.56 
.27 . 07 . 34 
.15 .13 0 28 
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Stat ions  
(1) = 0 . 3 0 2  (J) = 0 .302  
(3k adr = 0.458 1) = 1.151 (k)* = 0.4511 
1 
( a )  Hub; r/rt, 0 . 6 0 .  (b) Mean; r/rt, 0.80 .  ( c ;  11p;  r/rt, 1.00 
F igure 1. - Design v e l o c i t y  diagrams for s u b j e c t  t u r b i n e .  
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Figure 2 . Photograph of turbine rotor. 
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Axial loca t ion ,  i n .  
( e )  Hub. 
Figure 4 .  - Design r o t o r  b lade  midchannel and sur face  v e l o c i t y  d i s t r i b u t i o n s  
a t  hub, mean, and t i p  s e c t i o n s .  
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( a )  S t a t i c  pressure behind s t a t o r  and r o t o r .  
Actual over-al l  to ta l -pressure  r a t i o ,  pi/p; 
( b )  Equivalent weight flow. 
Figure 6 .  - V n r i z t i o r .  of s t a t i c  pressure behind s t a t o r  and r o t o r  and equivalent  weight 
flow with ac tua l  over-al l  to ta l -pressure  r a t i o  a t  design speed. 
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D e s i g n  t o t a l  surface d i f fus ion  parameter, Dtot 
Figure 7. - Comparison of r a t i o  of e f f e c t i v e  r o t o r  b lade  momentum thickness  t o  
mean camber length  of  subjec t  tu rb ine  with values f o r  t u r b i n e s  of references 
2 and 3. 
NACA - Langley Field, Vd. 
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